Duckles. Estrogen and progestagens differentially modulate vascular proinflammatory factors.
VASCULAR DISEASES are an enormous health care burden in Western societies, and the incidence increases substantially with aging (31) . The relative risk in women also increases with age, diminishing the well-known sex difference in cardiovascular disease (18, 39) . One contributing risk factor may be the postmenopausal decrease in ovarian hormones, which impacts many tissues, including the vasculature (15, 31) . Observational studies and experimental animal research have consistently shown beneficial effects of estrogen on cerebrovascular function (15) . However, recent large, randomized clinical trials raise questions about the benefit of hormone replacement therapy (HRT) and, in fact, found an increase in stroke (2, 14, 20) .
These disparate findings point out the need for better understanding of the vascular actions of ovarian hormones as well as medroxyprogesterone acetate (MPA), a synthetic analog of progesterone (P) widely prescribed in combination with estrogen for treatment of perimenopausal symptoms. Not much is known about vascular effects of MPA, but several studies have suggested that MPA may oppose beneficial effects of estrogen on cardiovascular function (4, 34, 35) . For instance, MPA negates the beneficial effects of estrogen on lipid metabolism, vascular reactivity, and atherosclerotic progression (4) . A better understanding of effects of P and MPA may elucidate ways to mitigate adverse effects of HRT and selectively enhance beneficial effects on the cardiovascular system. Cerebrovascular inflammation plays a central role in the pathogenesis of cerebral ischemia and secondary effects contributing to blood-brain barrier damage (8) , cerebral edema, increased intracranial pressure, and possible brain herniation (7) . A key process in cerebrovascular inflammation is the induction of proinflammatory mediators, including inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) (21, 28) . During cerebral ischemia, COX-2 is upregulated, resulting in the production of prostanoids, such as PGE 2 , that are thought to be detrimental to stroke outcome (16) . Expression of iNOS is also elevated, and this enzyme has been shown to peak 24 -48 h after cerebral ischemic injury (17) . NO production is thought to have both beneficial and deleterious effects following ischemia, depending on the cellular compartment, quantities produced and the stage of evolution of cerebral injury (5, 17) .
Experimental animal studies have consistently shown that estrogen has beneficial effects in models of cerebrovascular injury (15) . We (29) previously found that in vivo estrogen treatment suppresses inflammation induced by interleukin-1␤ in rat cerebral blood vessels. However, possible effects of progestagens on cerebrovascular inflammation are unknown. To investigate this question, we used rat models of in vivo progestagen treatment, which mirror known clinical blood levels (23) . Because of the unexpected adverse effects of combined HRT on stroke (1), we hypothesized that progestagens, P or MPA, would negate the effects of estrogen on inflammation. We also hypothesized that normal changes in endogenous estrogen and P throughout the estrous cycle would cause variation in cerebrovascular inflammation. Specifically, we measured lipopolysaccharide (LPS) induction of both iNOS and COX-2 in cerebral blood vessels isolated from female rats that were either intact, ovariectomized, or treated with 17␤-estradiol (E), P, and/or MPA.
MATERIALS AND METHODS
In vivo hormone and LPS treatments. The present study was conducted in accordance with National Institutes of Health guidelines for the care and use of animals in research and under protocols approved by the Institutional Animal Care and Use Committee at the University of California, Irvine. Seven groups of rats were used: intact females, ovariectomized females (O), O treated with E (OE), O treated with P (OP), O treated with both E and P (OE-P), O treated with MPA (O-MPA), and O treated with both E and MPA (OE-MPA). Threemonth-old female Fischer 344 rats (Charles River-SASCO Laboratories) were ovariectomized while under anesthesia (46 mg/kg ketamine and 4.6 mg/kg xylazine ip). During ovariectomy, some rats were subcutaneously implanted with Silastic capsules (1.57 mm ID ϫ 3.18 mm OD) containing either E (5 mm length), P (90 mm length), or MPA (3 mm length). Animals were allowed to recover from surgery and then were returned to a vivarium, where they were housed in individual cages with free access to chow and water in a temperaturecontrolled room (22°C) on a 12:12-h light-dark cycle.
One month after surgery and hormone capsule implantation, animals were injected intraperitoneally with LPS (1 mg/kg) or an equivalent volume of vehicle (0.9% saline). At various time points (1-24 h) after LPS or saline injection, animals were anesthetized with CO 2, and blood samples were obtained by cardiac puncture for measurement of serum E and P by radioimmunoassay (Diagnostic Products, CA and MP Biomedicals, respectively). Rats then were killed by decapitation, and their brains were immediately removed, frozen in dry ice, and kept at Ϫ80°C until analysis.
LPS treatment of intact cycling females. The estrous cycle of intact female rats was monitored by daily collection and microscopic inspection of vaginal smears. The types of cells present were used to determine the stage of the estrous cycle (9) . Only female rats showing at least two consecutive 4-or 5-day estrous cycles were used. On the morning of diestrus, proestrus, or estrus, animals were injected with LPS (1 mg/kg ip) or an equivalent volume of vehicle (0.9% saline) and euthanized 6 h later for collection of brain and blood samples.
Cerebral blood vessel isolation. Cerebral blood vessels were isolated using procedures previously described (22, 30) . Whole brains were gently Dounce homogenized in ice-cold 0.01 mol/l phosphatebuffered saline (PBS, pH 7.4) and centrifuged at 4,500 g for 5 min at 4°C. The pellet was washed several times by resuspension in PBS followed by centrifugation at 4,500 g for 5 min. The pellet was then resuspended in PBS, layered over 15% dextran (MW ϭ 35,000 -40,000 Da; Sigma, St. Louis, MO) and centrifuged in a swinging bucket rotor at 4,500 g for 45 min at 4°C. The top layer of the gradient was discarded and the pellet containing blood vessels collected over a 50-m nylon mesh and washed for several minutes with cold PBS. The vessels isolated by this procedure contain a mixture of arteries, arterioles, veins, venules, and capillaries.
Western blot analysis. Levels of iNOS and COX-2 proteins were measured by Western blot analysis of cerebral vessel lysates. Vessels were glass homogenized in lysis buffer (50 mmol/l ␤-glycerophosphate, 100 mmol/l NaVO3, 2 mmol/l MgCl2, 1 mmol/l EGTA, 0.5% Triton X-100, 1 mmol/l DL-dithiothreitol, 20 mol/l pepstatin, 20 mol/l leupeptin, 0.1 U/ml aprotinin, and 1 mmol/l phenylmethylsulfonyl fluoride) and incubated on ice for 25 min. Samples then were centrifuged at 4,500 g for 10 min at 4°C. Supernatants were collected, and protein content was determined by bicinchoninic acid assay (Pierce).
For every experiment, vessel samples from each of the different animal groups being compared were run together on the same Western blot. Equal amounts of vessel protein (20 g/lane) were loaded in each lane of 8% Tris-glycine gels, and proteins were separated by SDS-PAGE. Additionally, a positive control, PMA/LPS-induced RAW 264.7 whole cell lysate (Santa Cruz Biotechnology, Santa Cruz, CA), and broad-range biotinylated molecular weight markers (BioRad) were also loaded for identification of protein bands. After electrophoretic separation, proteins were transferred to nitrocellulose membranes (Amersham, Piscataway, NJ) in blocking buffer containing 0.01 mol/l PBS ϩ 0.1% Tween-20 (PBST) and 6.5% nonfat dry milk. Membranes were then incubated with the primary antibody of interest: rabbit polyclonal anti-COX-2 (1:1,000; Cayman Chemical, Ann Arbor, MI), rabbit polyclonal anti-iNOS (1:400; Santa Cruz Biotechnology) or mouse monoclonal anti-␣-actin (1:15,000; Sigma) followed by the appropriate secondary antibody: anti-rabbit IgGhorseradish peroxidase (1:5,000) or anti-mouse IgG-horseradish peroxidase (1:5,000; Transduction Laboratories). ␣-Actin was used to verify equal protein loading of all lanes of the gel. Immunoreactive bands were detected using electrochemiluminescence reagent (Amersham) and Hyperfilm (Amersham), and band density was quantitated with the computer-based electrophoresis analysis program UN-SCAN-IT (Silk Scientific, Orem, UT).
Statistical analysis. Data are expressed as means Ϯ SE. Statistical analysis was performed with GraphPad Prism 4.0a software. Differences between groups were determined by one-way ANOVA. Optical density measurements were analyzed by ANOVA with repeated measures. Pairwise comparisons were made using Newman-Keuls post hoc analysis. In all cases, statistical significance was set at P Յ 0.05.
RESULTS
In vivo models of hormone treatment. Chronic hormone treatment of ovariectomized female rats was used to test the effects of E, MPA, and P on in vivo induction of cerebrovascular iNOS and COX-2 by LPS. To verify our hormone models, serum levels of E and P, whole body weights, and dry uterine weights were measured 1 mo after surgical and hormone treatments (Table 1) . Serum levels of E in OE, OE-P, and OE-MPA animals approximate those found in normally cycling female rats (22); these values were significantly greater than those found in O, OP, or OMPA animals. Serum levels of P from OP and OE-P groups were similar to those detected in normally cycling rats (3) and were significantly greater than all other animal groups studied. MPA levels were not measured; however, we have previously demonstrated (23) that implantation of MPA capsules 3 mm in length in ovariectomized female rats results in serum levels that are similar to those observed clinically in humans.
Whole body weights of O rats were significantly higher compared with any of the five hormone treatment groups. In addition, the body weights of both OP and OMPA groups were higher than those of OE rats. As expected, E increased uterine weight, but this effect was attenuated in the presence of P or MPA in combination with E. Together, the results in Table 1 indicate that implanted pellets achieved physiological levels of E and P for the 1-mo treatment period and that the E, P, and MPA treatments were biologically active.
LPS induction of cerebrovascular iNOS and COX-2. We initially examined the time course of COX-2 and iNOS protein expression in cerebral vessels at different time points, from 1 to 24 h, following administration of LPS or vehicle. Western blots using antibodies to iNOS and COX-2 showed, respectively, a single band migrating at 130 kDa ( Fig. 1) and a characteristic doublet at ϳ72 kDa (Fig. 2) . These bands corresponded to the expected molecular masses of these proteins and comigrated with the appropriate positive controls. In vessels from vehicleinjected animals, COX-2 protein was detected at low levels, whereas iNOS protein was undetectable. In contrast, LPS significantly increased the levels of both COX-2 and iNOS proteins in cerebral vessels. Maximal induction of both enzymes was observed at 6 h after LPS injection, and this time point was used in all subsequent studies.
Effect of E and P treatments. We next investigated the effects of chronic E and/or P treatment on levels of cerebrovascular iNOS and COX-2 following LPS or vehicle administration. As shown in Figs. 3 and 4 , chronic E treatment significantly attenuated induction of both proinflammatory enzymes compared with levels in O animals. In contrast, P alone significantly exacerbated the cerebrovascular inflammatory response to LPS compared with O. When given in combination, E significantly reversed the effect observed with P alone.
Because of its clinical use in humans, we determined whether a synthetic progestagen, MPA, would have effects similar to those produced by P. As shown in Figs. 5 and 6, MPA treatment alone also significantly increased the levels of iNOS and COX-2 after LPS administration. When E was given in combination with MPA, it significantly lowered the levels of iNOS and COX-2 from those observed with MPA alone. In all groups studied, there were no significant differences in the levels of inflammatory factors iNOS and COX-2 among groups treated with saline control.
Effect of the estrous cycle on cerebrovascular inflammation. We verified the stage of the estrous cycle for intact females by examining the cytology of vaginal smears and measuring 3 . Effects of in vivo 17␤-estradiol (E) and progesterone (P) treatments on levels of cerebrovascular iNOS protein after LPS injection. A: representative Western blot illustrates differences in iNOS immunoreactivity in cerebral vessel lysates from O, OE, OP, and OE-P groups injected with LPS (6 h). Bands migrating at 130 and 42 kDa were detected with antibodies directed against iNOS and ␣-actin, respectively. B: ODs of iNOS bands were quantitated and expressed as fold change vs. O values. Means Ϯ SE are plotted; n ϭ 4 rats. Significance was determined using OD values by ANOVA with repeated measures. *Significantly different from 1 other group, **2 other groups, ***3 other groups, P Յ 0.05. serum levels of E and P at the time of euthanasia ( Table 2) . As expected, E was highest during the proestrus stage, whereas P was highest during estrus (3).
Cerebrovascular levels of iNOS and COX-2 were determined after LPS administration at each stage of the cycle. In all cases there was an increase in cerebral vessel iNOS and COX-2 at 6 h after LPS injection. However, the level of induction of these inflammatory markers varied significantly depending on the stage of the estrous cycle (Figs. 7 and 8 ). Protein levels of iNOS and COX-2 were greatest in cerebral vessels from animals injected with LPS during estrus. In contrast, LPS injection on the previous day of the cycle, proestrus, resulted in significantly lower levels of iNOS and COX-2, similar to levels found in OE animals. LPS injection on the day of diestrus also resulted in lower levels of iNOS and COX-2 compared with estrus.
DISCUSSION
The most striking finding of this study is that estrogen and progestagens have significant, but opposite, effects on induction of cerebrovascular inflammation. The proinflammatory enzymes iNOS and COX-2 were induced in cerebral blood vessels following in vivo injection of the bacterial endotoxin LPS. Chronic treatment of ovariectomized animals with either P or its synthetic analog MPA exacerbated this inflammatory response, whereas E treatment suppressed it. Endogenous hormones appear to exert similar actions on the cerebral vessels. LPS induction of iNOS and COX-2 proteins varied over the estrous cycle, with the greatest effect observed during estrus, when circulating P is high and E is low. Effects of endogenous hormones on susceptibility to cerebrovascular inflammation could be a factor in conditions such as menstrual migraine (19) . The anti-inflammatory effect of estrogen on cerebral blood vessels also may contribute to the ability of estrogen to attenuate ischemic brain injury (20, 40) . However, this protective effect of estrogen appears to be opposed by the presence of Fig. 4 . Effects of in vivo E and P treatments on levels of cerebrovascular COX-2 protein after LPS injection. A: representative Western blot illustrates differences in COX-2 immunoreactivity in cerebral vessel lysates from O, OE, OP, and OE-P groups injected with LPS (6 h). Bands migrating at 72 and 42 kDa were detected using antibodies directed against COX-2 and ␣-actin, respectively. B: ODs of COX-2 bands were quantitated and expressed as fold change vs. O values. Means Ϯ SE are plotted; n ϭ 4 rats. Significance was determined using OD values by ANOVA with repeated measures. *Significantly different from 1 other group, **2 other groups, ***3 other groups, P Յ 0.05. Values represent means Ϯ SE. Statistical differences were determined by one-way ANOVA followed by Newman-Keuls post hoc tests. *Significantly different from 1 group; †significantly different from 2 groups within the same column, P Ͻ 0.05.
progestagens. This type of interaction could explain, in part, the recent negative clinical results with combination hormone therapy (1).
The hormone-treated rat models that we used resulted in physiological serum levels of E and P and levels of MPA seen clinically (23) . We also verified the physiological actions of these hormones on body and uterine weights (22) . Estrogentreated animals showed a consistent reduction in body weight that may be due to increased resting energy expenditure (6) . Recent observations in our laboratory have shown that estrogen increases the rate-limiting steps in energy production (38) . Alternatively, estrogen may have hypophagic effects (26) . The physiological relevance of the hormone administration regimens that we have used is also supported by trophic effects of E on the uterus, an effect partially blocked by P or MPA (4).
The inflammatory response to LPS is a well-established model for upregulation of iNOS and COX-2 both in vitro and in vivo in brain and peripheral tissues (13) . In our study, we administered LPS peripherally and demonstrated upregulation of iNOS and COX-2 in the cerebral vasculature. We (29) have recently demonstrated a similar vascular upregulation of COX-2 after peripheral administration of the cytokine interleukin-1␤. The induction of these inflammatory markers has been implicated in the pathogenesis of cerebral ischemic injury in experimental models, and inhibition of these factors protects against cerebral injury (8, 13) . Production of inflammatory mediators might be beneficial or deleterious during ischemic stroke depending on the cellular compartment in which they are produced, the quantities produced, and the stage of evolution of cerebral injury (5, 17) . Nevertheless, defining the effects of gonadal steroids on this process provides important new information.
As we have previously demonstrated (29) , exogenous chronic estrogen treatment suppressed the vascular inflammatory response. In contrast to what we observe in cerebral blood vessels, estrogen has been shown to upregulate basal COX-2-derived prostacyclin production in the mouse aortic smooth muscle cells both in vivo and in vitro (10) . Estrogen also upregulated iNOS both in vitro and in vivo in ovine coronary arteries (24) . We (23, 30) have previously shown that estrogen upregulates basal levels of the constitutive isoforms endothelial (e)NOS and COX-1; thus it is possible that the effects outlined above represent regulation of basal production of mediators unrelated to inflammatory responses. Indeed, the effects of estrogen to suppress induction of inflammatory mediators appear to represent a general suppression of the inflammatory response rather than actions on specific mediators. Estrogen has been shown to suppress NF-kB activation in cerebral blood vessels (29) as well as in cerebral endothelial cells (11) , suggesting that estrogen acts to suppress the inflammatory response as a whole and not the upregulation of specific mediators (29) . Interestingly, we have also recently shown (32) that estrogen also suppresses the cerebrovascular inflammatory response to LPS in male rats. Furthermore, testosterone has the opposite effect, exacerbating the induction of proinflammatory factors in cerebral vessels (32) .
An important aspect of our study was examination of the effects of progestagens. MPA is a synthetic analog of P, commonly used in combination with estrogen in hormone replacement therapy (34) . We found that either MPA or P alone exacerbated the inflammatory response to LPS. In combination with estrogen, P or MPA partially reversed the antiinflammatory effects of estrogen. Some have speculated that addition of MPA or P may negate the beneficial cardiovascular actions of estrogen, and this might be a confounding factor that counteracts potential beneficial effects of estrogen (4, 37) .
Complexities in the biological actions of these compounds have been reported, either showing synergistic actions with estrogen or alternatively negating the effects of estrogen. These discrepancies might be explained by tissue/cell specificity, receptor heterogeneity, or nonspecific interactions with other signaling pathways or androgen receptors (36) . In fact, MPA has been shown to negate some effects of estrogen on the cardiovascular system. For instance, MPA negates the benefi- cial effect of estrogen on lipid metabolism, vascular reactivity, vascular injury response, and atherosclerotic progression (4, 37, 41) . In contrast to our study, others have shown that MPA does not block the suppressive actions of estrogen on PGE 2 production (29) and does not affect estrogen-induced increases in cerebrovascular eNOS (23) or suppression by estrogen of intercellular adhesion molecule-1 and E-selectin induction in cultured cells (25) . There are also conflicting studies concerning the effect of P on cardiovascular and cerebrovascular function (37) . Some have shown beneficial effects of P, whereas others show little or no effect (36) . For example, P has been shown to have a positive effect on exercise-induced myocardial ischemia and on the outcome of experimental stroke (12, 33) . Of course, the cerebral vasculature is only one component involved in stroke; neuroprotective effects of of P and its neurosteroid metabolites must also be considered in the overall effects of P. Clearly, further work must be done to understand the cellular and molecular mechanisms by which gonadal steroids and their analogs modulate inflammatory responses. Emerging concepts of the mechanisms of action of nuclear hormones suggest that the cellular context, including patterns of expression of transcription factors, may modify hormone action, greatly increasing the possibility for hormonal action complexity and specificity (27) .
Besides investigating the actions of exogenous hormone, we also determined the impact of endogenous gonadal steroids on the vascular inflammatory response to LPS. To do so, we followed the response to LPS throughout the estrous cycle. LPS induction of these inflammatory mediators in the cerebral vasculature varied markedly with estrous cycle stage, with lowest expression during proestrus and highest expression during estrus. Because proestrus is the stage with the highest endogenous estrogen whereas estrus has the lowest estrogen levels, one interpretation of our findings is that endogenous estrogen in intact female rats suppresses LPS-induced induction of vascular iNOS and COX-2. However, because levels of P rise just before estrus, proinflammatory effects of P might also contribute to the variation in inflammatory response through the estrous cycle. Future experiments would be important in sorting out these two effects. Nevertheless, this finding underscores the variability of the cerebrovascular inflammatory response over the ovarian cycle. These changes may contribute to conditions associated with the menstrual cycle such as menstrual migraine (19) .
In conclusion, systemic LPS upregulated iNOS and COX-2 expression in cerebral blood vessels; endogenous estrogen or chronic 17␤-estradiol treatment attenuated this effect. In contrast, either MPA or progesterone alone exacerbated the inflammatory response to LPS and partially reversed the antiinflammatory effect of estrogen. Reaction products of the proinflammatory mediators iNOS and COX-2 have been implicated in the evolution of cerebral ischemic injury (8, 16) . The dual roles of these mediators in modulating cerebral resistance or sensitivity to ischemic injury makes them interesting and challenging pharmacological targets to study, and the cerebral vasculature is an important site for initiation and evolution of responses to injury and other inflammatory stimuli. Understanding possible effects of ovarian steroid hormones on cerebrovascular inflammatory pathways may clarify reasons for the well-known sex difference in stroke outcome and incidence when premenopausal women are compared with age-matched males, as well as the increase in cardiovascular diseases associated with decline in ovarian hormones in post menopausal women (18) .
